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CHAPTER I
INTRODUCTION
An understanding of the transition process and development of
the turbulent boundary layer under h ighly disturbed conditions
would have numerous engineer ing applicat ions. Many significant
flows develop in environments which are not quiescent. The beha-
vior of boundary layers in disturbed environments presents a new
and perhaps more complex problem than in quiescent environments,
yet the solutions to the problem under disturbed conditions have
many potential applications. One particular area which would bene-
fit greatly from an abili ty to locate the transition region is the
design of turbomachinery blading.
• •- The gas side heat transfer to cooled turbine blades is greatly
dependent on how much of the b l ade is laminar and how much is
turbulent. Graham (ref. 1) has pointed out that it is important to
be able to predict the transition location for the boundary layer
on turbine blades in order to properly assess the cooling require-
ments for turbine blades. However, diff icul t transition prediction
is for f l i g h t in a quiescent environment* it is much more so for
the highly disturbed flow that exists in a combustion chamber. The
resulting low Reynolds number turbulent boundary layer is also not
well understood.
For a f low environment that i* not quiescent, if ini t ial
disturbance levels are large enough to be considered non-linear,
then the important linear regime of the quiescent environment is
bypassed and the traditional views of the transition process that
are based on an initially quiescent environment are inapplicable.
The term 'bypass transit ion' has been introduced by Morkovia to
describe transition in disturbed environments that initially have
finite non-linear amplitudes.
Al though it is hard ly understood, bypass t ransi t ion is a
common phenomenon. Transition in fu l ly developed Poisenille pipe
flow is a bypass phenomenon since the parabolic laminar velocity
profile in a pipe is stable to all infinitesimal disturbances that
have been considered to date. This transition must therefore come
about as a result of large disturbances in the entrance region.
This s tatement is substant ia ted by the resul ts of Wygnanski and
Champagne (ref. 2) and of Wygnanski, Sokolov and Friedman (ref. 3)
who have also mapped out the properties of the resultant turbulent
puffs .
There have been prior attempts at explaining instability for
finite disturbances through a form of non-linear stability theory.
Based on the Stuart-Watson formalism which considers the fundamen-
tal disturbance together wi th its harmonics (refs. 4 and 5), Her-
bert (ref. 6) has found that for finite amplitude disturbances, the
minimum critical Reynolds number is reduced to about 2900 from its
value for infinitesimal disturbances of about 5770. Herbert shows
further that for finite disturbances, the wave number band that is
amplified is significantly increased over that for in f in i t e s imal
disturbances. He a l so indicates that plane Poiseui l le f low may
display a metastable non-linear equilibrium state for some finite
amplitude level. Attempts to do the same analysis for f la t plate
boundary layers are complicated by the necessity of doing the
analysis in a non-parallel manner because of the closeness of the
region of interest to the leading edge of the plate. The existence
of subcrit ical ins tab i l i ty or metastable equilibria for boundary
layers has not been established.
Another possible influence on transition is the response of
the disturbance vor t ic i ty f i e l d to its being convected past the
rounded leading edge of a p la te . Morkov in (ref. 7) has addressed
the many phenomena ascribed to this f low. He indicates that the
boundary layer tends to remain laminar around the leading edge even
in the presence of a disturbance vorticity field but that it might
contribute to earlier that expected transition.
It is the intent of the present program to study experimen-
tal ly the character of the transition process for boundary layers
in a highly disturbed environment as might be experienced on tur-
bine blades, and to delineate the character of the resulting low
Reynolds number turbulent boundary layer. The results of this
experiment wi l l help guide later analytic and experimental work.
Although the or iginal object ive of this experiment was to
study the transition process in a disturbed environment, this has
proved somewhat elusive. The bulk of the presented data concern
the propert ies of very low Reynolds number turbulent boundary
layers wi th 280 <Ke^< 700. In this Reynolds number region, Rey-
nolds number effects are important due to the increased influence
of the viscous superlayer and its turbulent counterpart. These
effects manifest themselves as a rapidly diminishing wake strength
in this Reynolds number range.
This range of Reynolds number is of particular interest for it
harbors many controversies and disputes regarding the applicability
of the most important similarity rule in turbulent flow, namely the
' law of the wall . ' Pur te l l et al. (ref. 8) invest igated low Rey-
nolds number boundary layers to help settle the debate. By trip-
ping the boundary layer in the absence of free stream turbulence,
they concluded that the log-linear region is an inherent characte-
ristic of the turbulent boundary layer even at low Reynolds num-
bers.
The effect of free stream turbulence on the turbulent boundary
layer growth rate and on the increases in skin f r ic t ion has been
reported in many previous studies (refs. 9-16). Most of these
authors, though, had much higher Reynolds numbers in their f lows
than in the current investigation which concentrates on the lower
range.
Based on the Taylor (ref . 17) and Dryden et al. (ref. 18)
recommendations that the study of free stream turbulence effects be
' - 1 - ' :t •
considered by analyzing both the free stream turbulence intensity
and diss ipat ion length scale, Hancock (ref. 13) introduced a so
ca l led ' f ree stream turbulence parameter. ' He correlated many
features of the turbulent boundary layer wi th this parameter.
Later contributions were made by Blair (refs. 14 fi 15) and Castro
(ref. 16) to better the correlation.
Meier (ref. 12) reported, based on a study he made at low
turbulence levels, that the dissipation length scale and its spec-
tra depend l a rge ly on the geometry of the se t t l ing chamber and
shape of grids even if the turbulence intensity remains unchanged.
But he suggested that the skin f r i c t ion is not very sensi t ive to
the length scale since the length scale is no rma l ly much larger
than the boundary layer thickness.
The aforementioned correlations obtained by Hancock and others
involves the values of data in a quiescent environment (no grid) as
a reference quantity. In fact, no complete agreement on this value
has been settled on yet. For instance, the results of Coles (ref.
19 ) and Purtell et al. (ref. 8 ) reveal significant differences in
friction coefficient at the same Reynolds numbers. So also between
Hancock and Castro. Indeed, there is no agreement between any of
these authors.
Thus, if the re fe rence quantity is not r e l i ab ly determined,
the universality or even the applicability of the correlations of
refs. 13-16 has to be limited in some sense.
In the present study, most of the results are presented on the
basis of turbulence intensities alone rather than with respect to
any turbulence parameter. The dissipation length scales are in the




The experiments were performed in a low speed wind tnnnel
located in the Department of Mechanical and Aerospace Engineering
at Case Western Reserve University. The tunnel is a small, open-
circuit system shown in Figure 1. A f lat plate is situated in the
middle of the tunnel bisecting the flow. The leading edge of the
p la te has an e l l i p t i c a l shape rather than the original rounded
edge. The shape was altered in order to avoid possible separation
at the leading edge which would trip the flow and thereby preclude
•the study of t ransi t ion and of the result ing low Reynolds number
turbulent flow under disturbed free-stream conditions alone. At
the end of p l a t e downstream of the working surface, a def lec tor
exists to ensure that the stagnation point remains on the upper
side of the p la te where data are taken. Further downstream from
the deflector is an adaptor which connects the centrifugal blower
*,
to the tunnel. The blower can pull air through the system at about
6 m/sec (ue/y - 393,600/m).
The tunnel has a relatively high residual test section turbu-
lence level of about 1.5%. Higher turbulence levels required for
this study were generated by three different biplane grids con-
structed from rectangular bars inserted at the entrance to the
©
settling chamber. The blockage and turbulence levels were respec-
t ive ly 67% and 5-6% for grid 1. 76% and 6-7% for grid 2. and 50%
and 4-5% for grid 3.
_ ___ The location. of the grids at the entrance to the se t t l ing
chamber rather than downstream of the contraction is to secure a
more uniform free stream turbulence level in the test section. The
shapes of the grids and their dimensions are shown in Fig. 2.
The sensor for collecting velocity data is a TSI 1218 boundary
layer type hot wire probe. The wire diameter is 0.00015 in. The
probe is mounted in a slotted guide and can traverse longitudinally
and vert ically in the spanwise midplane of the tunnel. The verti-
cal position of the probe can be adjusted to an accuracy of better
than 30 microinches via a boundary layer type vertical control rack
from United Sensor and Control Corp. Longitudinal position has an
accuracy of only one mill imeter which is sufficient.
Mean and fluctuating longitudinal velocities were respectively
monitored using a T.S.I, model 1054-A2 Constant Temperature Hotwire
Anemometer and a DISA 55D35 RMS Unit. The anemometer was designed
by the manufacturer to have its best performance in the operating
speed range of the present tunnel.
The on-line hotwire signals were collected into an IMSAI 8080
Microprocessor which was used as an analogue-to-digital converter
at a sampling rate of one reading per millisecond over a period of
66 seconds for a single data point.
The digitized values were then stored on the department's PDF
11/40, thus allowing for further signal processing such as averag-
ing as well as Fast Fourier Transform extraction of the spectrum np
to about 1000 Hz. Greater f l e x i b i l i t y in obtaining spectra was
achieved by use of an HP 3582A spectrum Analyzer since the analyzer
had various f i l ters and averaging modes.
2.2 Procedure
Since this investigation is focused on both the transitional
behavior of disturbed flows and the resulting low Reynolds number
turbulent bonnday layer, therefore , f lows with length Reynolds
numbers below 200,000 were of primary concern. Data were taken at
longitudinal stations up to 30 cm from the leading edge with a more
detailed concentration on the first 18 cm.
Great care was taken in order to insure accuracy in the probe
position while traversing in the vertical direction. A magnifying
glass was used to minimize the possible positioning error when the
probe supporter touched the wal l , and a level indicator was used to
set the ver t i ca l ity of the track for the rod which carries the
probe.
The sampling points in the vertical direction were at 20 to 30
locations spaced at intervals ranging from 3 mi ls at the wall to
0.1 inch near the edge of the boundary layer. Finer divisions
would yield better profiles, but taking a larger number of sampling
points might require a long enough time for environmental changes
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to a l te r the f l o w prof i l es . Thus, the sampling scheme above was
selected to optimize the accuracy of the measurements of f low
pro f i l e s w h i l e min imiz ing the e f f ec t of the very s lowly varying
environment.
Precision in the value of the distance of the probe location
from the wall when the supporter of the probe touched the wal l was
obtained by the use of a cathetometer to measure the actual distan-
ce. This equipment also made it possible to get an addi t ional
digit of accuracy.
Every, test was accompanied by a calibration of the system for
consistant data acquisition. Signals from the hot-wire anemometers
and the rms indicator were monitored by oscilloscopes to verify the
readings on the meters . There was good agreement between the
instruments.
The hot-wire probe was ca l ib ra ted by using a wall-mounted
pitot-tube and a Cox Instrument micromanometer to yield a calibra-
tion re l a t ion corresponding to the l inear output of the anemo-
meter. By blocking the cen t r i fuga l blower, several d i f f e r en t
speeds could be obtained. With data taken at the various speeds, a
linear relationship was acquired for the anemometer output. The
-calibrations were done before proceeding to each successive axial
station, since probes are sensitive to changing environmental con-
ditions such as room temperature and relative humidity.
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2.3 Data Reduction
At each probe location, longitudinal mean and rns velocities
were obtained. Spectra obtained by the spectrum analyzer were
plotted using a Honeywell Model 55 X-Y Pen Recorder. Various data
reductions were performed on the VAX system of the Dept. of Elec-
trical Engineering of CWRU.
Curve fitting by 'cubic spline interpolation' of the raw mean
profiles enabled the calculation of the displacement thickness 6 ,
momentum thickness 6, and shape factor H, by performing Simpson's
rule integrations. One of the fi t ted profiles and the correspond-
ing measured profile are shown in fig. 3 for an illustration of the
results of the spline fit .
The elimination of positioning error by physical means was not
possible, no mat te r how c a r e f u l l y the probe was placed and its
position measured. Instead, to reduce probe positioning error, a
numerical technique was developed which adjusted both the innermost
probe position value and the friction velocity until the resulting
profile fit a law-of-the-wal 1 curve with a minimal error. Thus the
opt imal va lue for the probe posi t ion at closest approach to the
wal l , yo, and the frictional velocity UT could be obtained. Find-
ing the best fit using two degrees of freedom did prove successful




Figure 4 shows how the Reynolds number, Re^, and the shape
factor, B, vary with .distance, from the leading edge in the longitu-
d ina l direction. Fig. 4a shows the e f fec t of the free stream
turbulence level on momentum thickness Reynolds number, Re0.
(Hereafter, the term Reynolds number. Re. wi l l refer to Reg unless
otherwise stated.) Note that all the points plot ted here have
length Reynolds numbers under 100,000. Tet they all have Re's much
higher than those expected from a low turbulence environment. Even
without a grid, where the turbulence level in the free stream is
about 1.5%, .the boundary layer is transitional and its thickness is
nearly twice the Blasius value.
In Fig. 4b, for the no grid case, the shape factor declines
from 2.4 to 1.8 indicat ing t ransi t ional behavior whi le with the
grids (higher free stream turbulence levels) , the transit ion to
turbulent f l ow occurs rapidly. In fact , by the 9 cm position for
grid 2 (Re below 400) the p ro f i l e has a shape factor of less than
1.6, and beyond the 12 cm location (Re •= 400), the curve has nearly
leveled out.
Fig. 5 shows the variat ion of shape factor H, wi th Reynolds
number. Present data and other recent data are compared. The
12
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present points lie below the others, possibly because the data in
•ost of the other experiments were obtained in the absence of
\
significant free stream turbulence.
, Despite the scatter in the data caused by the high sensitivity
of H to the positional accuracy of the probe* a trend can still be
detected. Namely, that increase in free-stream disturbance level
w i l l result in decrease in the shape factor wi th respect to Rey-
nolds number. This trend is in qua l i t a t ive agreement wi th the
results of other invest igators such as Hancock (ref. 13), Castro
(ref. 16) and Blair (ref. 15). They considered the effects of both
turbulence intensity and dissipation length scale in deducing some
correlation between their parameter (free stream turbulence para-
meter) and the variation of shape factor. Also plotted on the Fig.
5 is a solid l ine which is ca lcula ted from the law of the w a l l
formula to present a reference in explaining the sizable departure
of the current data from the others, when the wake strength in the
mean p ro f i l e s has vanished. More explanat ion on the ca lcula t ion
will be presented later in sec.3.2.3.2.
3.2 Wall Skin Friction
3.2.1 Determination gf UT
Friction velocities were obtained by fitting the profiles to
the Musker (ref. 20) law-of-the-wal1 formula.
u+ = 5.424arctan{(2y+ - 8.15)716.7} - 3.52
+ log1Q{(y+ + 10.6)9*6/(y+2 - 8.15y+ + 86)2} (1)
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This explicit expression for the turbulent Bean velocity distribn-
: S • ' •
tion over a smooth wa l l has va l id i ty over the law-of-the-wal 1
region and in the log-linear region Batches the constants suggested
by Coles (ref. 1 9 ) . _ _ _ • _
Figs. 6.b and 6.d show the procedure of selecting the value of
fr ic t ion velocity. By plot t ing the data points for d i f fe ren t
'J ' i • "- . - • •
assumed values of u_, a best fit can be made. The best one can be
* " -• • • -
chosen visually and compared with the one that the computer calcu-
lated by a least squares procedure. The difference between the two
tends to be under 3%. However, visual selection of the quantity
wil l be more reliable, since the computer evaluation did not ex-
clude points in the sublayer which apparently depart from the basic
curve due to the close proximity of the probe to the wall.
The presence of the wa l l a f fec ts the probe reading in two
ways. Coles (ref.19) found that putting a tube or a probe near
enough to a wall will cause a 'chute' to form between the probe and
the wa l l . The ve loc i t ies around the probe w i l l be higher than
without the presence of the wall . The probe alters the local flow
field and measures a velocity which would differ from the velocity
of the f lu id in the absence of the probe. Also the wa l l can
transfer heat from the probe more e f fec t ive ly than air, and by
moving the probe: closer to the wall, .the heat transfer increases.
Since both of these factors contribute to a larger heat t ransfer
rate from the probe to its surroundings, the false velocity reading
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which r e su l t s w i l l be higher than the true ve loc i ty in the very
near proximity of the wall .
3.2.2 Similarity Features of the Experimental Profiles
Figures 6.a through 6.g contain the plots of the mean velocity
distributions on the Musker curve for different streamwise loca-
tions. Figures 6.a to 6.c are for grid 1 while figures 6.d through
6.g are for grid 2. The character is t ics of the p ro f i l e s are sum-
marized in Table 1. Reynolds numbers for all of these profiles are
, less than 532, and ho s ign i f i can t wake strengths are observed in
.any of these profiles. Coles (ref. 19) upon examining a number of
d i f f e r e n t sets of exper imenta l results , concluded that the wake
strength disappears ent i re ly be low a Reynolds number just below
.500, but .this conclusion was disputed by some later authors such as
Purtell et al. (ref. 8), Castro (ref. 16) and others. These latter
authors found that the wake strength did not decrease as rapidly in
the lower region of Reynolds number as Coles suggested. Indeed,
they found the wake funct ion remained f in i t e for all Reynolds
numbers at which they obtained profiles.
W h i l e there is that d i f f e rence of opinion in the absence of
free s t ream turbulence, no dispute exists over the role of free
stream turbulence in diminishing wake strength. Coles also noted
the e f f ec t in 1962 and Bla i r (ref. 15) provided further confirma-
tion of this behavior. Blair's results show that even for the much
higher Reynolds number of 3,000, a free stream turbulence level of
16
5.3% made the wake strength almost vanish. Sioiliar effects are
reported by Hancock (ref. 13) at Re = 1800 and by Castro (ref. 16)
at Re = 600.
Also observable from the fig. 6's is that as the Reynolds
number increases, morV~pb~int s~ f a 11~ in" the 1inear region. The
extent of the logarithmic region which decreases with decreasing
Reynolds number is now a well known phenomenon of the turbulent
boundary layer. However, some controversy still remains over the
existence of the log-linear region at very low Reynolds numbers.
Preston (ref. 23), Granville (ref. 22) and Landweber (ref. 21) have
argued that the log-linear region disappears below some Reynolds
number. These authors believe that the overlap region which over-
laps the inner and outer region in the turnlent boundary ceases to
exist when Reynolds number becomes small enough, namely in the
vicinity of Re •= 800. On the other hand, Pnrtell et al. (ref. 8)
established from 'their data that while the absolute thickness of
the 1 inear region becomes smal 1, the proportion of the region to
the overall boundary layer thickness tends to remain between 15 and
25 percent. One should observe that if even a few of the data
points were shifted by less than the error bar of 3%, the linear
region would be clearly visible. Smits et al. (ref. 25) were even
able to show the log-linear region at Reynolds number as low as
261. Moreover, if the assertion of Simpson (ref. 24), who argued
that the Von Karman constant is Reynolds number dependent, i.e..
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MRe ) =k ( 6000 ) (6000/Re)1(8
where; k(6000)«= 1/5.62 (2)
is correct, the variation of the constant itself should exceed 30%
for the current Reynolds nwnbers. And thus the proposed-prof ile
should depart some 12% from the carve suggested by Coles, which is
not supported by the' present data.
Thns the log-linear region seems to be an inherent charac-
teristic of the turbulent boundary layer, as Pnrtell et al. stated,
even in the very- low range of Reynolds number down to about 300.
And r eca l l ing that this state of turbulence was generated in the
present experiment by disturbing the free stream rather than by
tripping the boundary layer flow, this feature seems to be indepen-
dent of the method of turbulence generation.
3.2.3 Reynolds Number Dependency of Skin Friction
Figure .7 shows the var ia t ion of skin f r ic t ion through the
parameter »e/uT w i t h respect to Reynolds number and a comparison
with other recent data.
3.2,3.1: Minimum Re. for Turbulent Flow
Preston (ref. 23), from the similarity and close agreement of
the Reynolds number for the circular pipe and f lat plate, suggested
the lower limit for which ful ly developed turbulent flow occurs as
Re «= 320 with a rather limited data confirmation, while the afore-
mentioned (sec 3.2) Smits et al. (ref. 25), by applying a pin-type
18
turbulent stimulator, obtained a turbulent profile at Re •= 285, and
even at Re = 261 in the presence of a strong favorab le pressure
gradient .
In the present experiments, post-transitional turbulent bound-
ary layers are obtained at Re » 280.
3.2.3.2 Influence of Free Stream Turbulence on i^
Those points of Purtell et al., which are in the same Reynolds
number range as the present data (Fig. 7). were obtained in the
absence of free stream turbulence and have skin friction coeffi-
cients that are about 5% lower. The d i f f e rence in the skin fric-
tion coefficient seems to be coming from the residual wake strength
at their Reynolds numbers (i.e., from their data , £u /UT = 1.0
at Re = 465) (ref. 8). Again, the present p ro f i l e s showed no
discernable wake strength. Coles ' suggested zero wake strength
point is at Re = 425 and at a va lue of ne/uT s l ight ly above the
present data spread.
An important issue to be discussed here is how much the f ree
s t ream tu rbu lence in this low range of Reynolds number can in-
fluence the skin friction. For flows at higher Reynolds numbers,
many researchers have reported a turbulence effect which signific-
antly elevates the skin friction, for instance, 7% turbulence in
the f ree stream causes an increase in skin f r ic t ion of some 20%
over that in a quiet environment (ref. 15).
A most plausible hypothesis has been advanced by Huffman and
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Bradshaw (ref. 28) through their comparison of turbulent boundary
layers developing under a quiescent irrotational free stream and
the turbulent f l o w in pipes where the ' turbulent core' is not
quiescent and irrotat ional . In the la t ter f low, there is no ob-
servable wake, while in the former there is very definitely a wake
component to the ve loc i ty prof i les . For the turbulent boundary
layer at low Reynolds numbers in quiescent environments, Huffman
- . - : . . . • ;
and Bradshaw a t t r ibute the erosion of the wake component to the
increased importance of the 'viscous superlayer' - the interface
between the boundary layer and the irrotational external flow - in
eroding the wake component. , For external flows at elevated free
stream turbulence - by analogy to the situation in pipes - the wake
component is eroded more severly if not entirely as in the present
results.
These effects can be assessed quanti tat ively as well. Musker
(ref . 20) states an expression for the turbulent boundary layer
profi le as follows:
u+ = 5.424arctan{(2y+ - 8.15)/16V7)
+ log10C(y+ + 10.6)9-6/<y+2 - 8.15y+ + 86)2}
- 3.52 + n/k (6(y/6)2 - 4(y/6)3}
j + l/k (y/6)2(l - y/6) (3)
The first three terms on the right side are an analytic expression
for the law of the wal l that is consistent in the log-linear region
with Cole's constants. The term having the coef f ic ien t n is an
20
algebraic form of the Coles wake function, and the last term on the
right s ide is an add i t iona l wake term doe to G r a n v i l l e (ref . 22)
providing for a zero derivative at the edge of the boundary layer.
Plot ted on f igure 7 is a l ine represent ing the results of
integrating the Musker proflie without the Coles and GranVI1leT wake"
terms. This seems to be a good representation of the present data
over the limited range of Reynolds number investigated herein. The
de ta i l s of obta ining in tegra ted boundary layer informat ion from
various forms of equation 3 are developed in Appendix A.
The variation of skin friction coefficient itself is plotted
in figure 8 with respect to Reynolds number. Here the present data
are compared with additional sets of reference data, emphasizing
the effect of free stream turbulence in increasing the skin fric-
tion. Bla i r ' s data (ref. 14) represented by hexagons, were ob-
tained under levels of turbulence similar to those of the present
experiment. Note the increase in skin friction. The roughly 20%
increase in skin f r ic t ion due to the presence of turbulence in
Blair's data agrees with the trend of increasing skin friction in
the present da ta obtained for a somewhat lower range of Reynolds
number.
3.3 Disturbance Profiles and Spectra for the Turbulent Flow
Figures 9 and 10 show the longitudinal turbulence intensity
distribution at various values of Reynolds number for the Grid 1
data and Grid 2 data respectively. The peak value of the U'/UT is
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about 2.3 at y+ = 13. .The approximate s im i l a r i t y in w a l l units.
U'/UT against y+ seems, to be in good agreement wi th the data of
Castro (ref. 16) and of Purtel 1 et al. (ref. 8).
Recalling that the mean velocity profiles have shown law-of-
the-wall similarity even at these low Reynolds numbers, a Reynolds
number effect seems to persist in the turbulence intensity beyond
the peak locations (y+ > 13) in Figs. 9 and 10. The lower the
value of Re, the lower the values of u' in the outer portion of the
boundary layer. This decrease in u' might be caused by the sup-
pression of all but the largest scales of turbulence as the Rey-
nolds number decreases (refs. 26 and 27). The variat ion is much
less pronounced in the present experiment because of the very
l imi ted range of Reynolds number. Figs. 11 and 12 show the dis-
turbance spectra measured along the line of maximum amplitude with
increasing distance from the leading edge for grids 1 and 2 respec-
tively. The averaging time for these spectra is 2 minutes and the
Tol Imien-Schl ichting band is out to about 150 Hz. As mentioned
ear l ie r , the turbulence l e v e l s of these grids are 5-6% and 6-7%
respec t ive ly , and the mean p r o f i l e s exhibited the behavior of
fully-developed turbulent flow . Although a plot of the amplitude
ra t io versus downstream distance is not presented here, one can
easi ly see from f igures 11 and 12 that there is no evidence of
s ign i f i can t growth or decay of disturbances anywhere in the fre-
quency range of 0 to 250 Hz.
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This behavior is very interesting. However, this resnlt cannot
be conclusive unti l one examines all of the causes which could
•ffect the growth or decay of the disturbances, and analyze the
individual effects separately. Nevertheless, it is peculiar. The
.behavior w i l l appear even more anomalous a f te r we look at the
fashion of growing turbulence without the presence of a grid in the
next section. As a matter of fact, for this short region of the
analysis the amount of decay of the disturbances generated by grid
1 and 2 was not significant.
3.4 Transitional behavior (No-grid data analysis)
Figure 13 shows the development of the boundary layer for the
no grid data with increasing distance from the leading edge. The
reference parameter 6 here is calculated from the integral quanti-
ties H and 6* using the relat ion. 6/6* = (H+1)/(H-1) rather than
attempting to select it from the scattered points of the measured
profiles.
Length Reynolds numbers for these p ro f i l e s are in the range
between 20,000 to 70,000. None of these p r o f i l e s shows the stan-
dard laminar flow behavior and the flow is believed to be under-
going transition.
The u' spectral data of these prof i les are shown in Fig.14.
These spectra are again taken at the height in the boundary layer
where disturbance amplitude is maximum.
A typical disturbance spectrum outside the boundary layer is
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shown in Fig. 15 along with those for Grids 1 and 2. The turbulent
intensities in the boundary layer are of the order of 10 tines the
free stream level (Fig. 16). The r e l a t ive ampl i tudes of some
selected frequencies are shown in Fig. 17. Due to the technical
difficulties experienced, the accuracy of these data is doubtful,
however, it is possible to extract some limited information from
this test. General behavior of the disturbances shows more or less
a resemblance to what is obtained in linear s tabi l i ty studies
although with an enormous difference in the magnitudes. Amplitudes
of large eddies having low frequencies are dominant, and show less
variance in proceeding downstream, while those of the small eddies
grow faster . But once when all the disturbances underwent some
transi t ion - at 15 cm where the shape factor is 1.9 - neither
noticable growth nor decay are observed. This trend is very much




1. No standard laminar flow was observed in any of the measured
profiles. Turbulent profiles are identified for Reg as low as
280.
2. At turbulence levels of about 1-1/2% (no grid) the boundary
layer is transitional over the measurement domain. Transition
occured progressively sooner as the turbulence level was in-
creased using grids.
3. No wake strengths are observed for the turbulent mean f low
profiles at turbulence levels of 5% - 7% (grids 1 and 2).
4. The existence of the log-linear region even at Reg as low as
280 makes it possible to deduce the w a l l skin f r ic t ion by
fitting the mean profi le to the law of the wal l formula. The
skin friction distribution thus obtained closely follows that
calculated from the law of the wall with Coles constants and
with zero wake strength.
5. The sharp decrease in shape fac tor wi th Reynolds number at
turbulence levels of 5% - 7% is consistent with the expectation
for zero wake strength.
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Fig. 3 One of the fitted profiles by Cubic Spline
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APPENDIX A
PROPERTIES OF VARIOUS PROFILE MODELS
_ OF TBS. FLAT PLATE TURBULENT BOUNDARY LAYER
It is known from long experience with boundary layer integral
methods that for any profile function, one can integrate the pro-
file to obtain expressions and values for the various integral
thicknesses and shape factors. It is helpful for the present pur-
poses to do so for the profile function of Musker (ref. 20) presen-
'. '
ted in the text as equation (3).
Because that function is presented in wall units, the integra-
tions wi l l also provide a skin friction relationship as a function
of say Reg for each assumed va lue of the wake strength n. This
should be helpful in obtaining a better assessment of the variation
of wake strength with free-stream turbulence level at low Reynolds
numbers.
Musker's expression for the turbulent boundary layer velocity
profile is:
u+ = 5.424 tan~1{(2y+ - 8.15)716.7}
+ Iog10((y+ + 10.6)9-6/<y+2 - 8.15y+ + 86)2} - 3.52
+ n/k (6(y/6) 2 - 4(y/6)3}
+ 1/k (y/6)2(l - y/6) (3)
The f i r s t two l ines on the right side are an analyt ic expression
54
55
for the law-of-the-wal1 that is consistent in the log-linear region
with Coles' constants. The term having the coef f ic ien t n is an
algebraic form of the Coles wake function, and the last term on the
right side is an addi t ional wake term due to G r a n v i l l e (ref. 22)
providing for a zero derivative at . the edge of the boundary layer.
Results wil l be calculated and tabulated herein without the Gran-
v i l le wake term (Masker-Coles) as well as with inclusion of that
term (Musker-Coles-Granvi1 le).





The resul ts for the Musker-Coles p ro f i l e are tabula ted in
Table A-l while the results including the Granvil le wake term are
tabulated in Table A-2.
56
Wake Strength
Experimentally, the wake strength, AU/UT, is identified as the
maximum departure of the velocity profile in wall units from the
log-linear relation as shown in the following sketch:
5.0
For the Coles wake function, the maximum value of the wake
strength is
A - 2ir
and occurs at y/6 = 1. The wake strength is zero for Jf = 0.




m = z-ITL 3 (A-3)
For the Co 1 es-Granvi 11 e wake function, the wake strength becomes
zero for n = -1/6. The wake strength at y/6 = 1 is still 2n/k
57
which is less than the maximum. Never the less , the ve loc i ty u* at
y/8 = 1 is larger than the va lue of u+ at the location of maximum
wake strength. These relations for the Coles-Granville wake func-
tion are given in Table A-3 for -1/6 < « < Q.7.
Comparison with Experimental Data
Skin f r i c t ion data in the form of ne/uT vs. Reg are compared
to the results for the Musker-Coles profile in figure A-l, and to
those for the Nusker-Coles-Granville profile in figure A-2. The
present data which d i sp lay no v i s ib l e wake are s l igh t ly better
represented by the n = -1/6 curve of f igure A-2 than by the n = 0
curve of f igure A-l. W i t h respect to shape factor ( f igure A-3).
there is very l i t t l e d i f f e r e n c e between the resul t s for the two
different wake representations for zero wake strength.
58
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Fig. A-l. Comparison of skin friction data at low Reynolds numbers with
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Fig. A-2. Comparison of skin friction data at low Reynolds numbers with
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